Raspored zaostalih naprezanja u podpovršinskim slojevima ugljičnog čelika pri ispitivanju na vlak by S. Bockus et al.
S. BOCKUS, J. VILYS, V. CIUPLYS, A. CIUPLYS
DISTRIBUTION OF RESIDUAL STRESSES IN NEAR-SURFACE
LAYER OF CARBON STEEL AT MONOTONIC TENSION LOADING
Received – Prispjelo: 2006-11-21
Accepted – Prihva}eno: 2007-04-25
Original Scientific Paper – Izvorni znanstveni rad
INTRODUCTION
At present, in literature there is a great amount of ex-
perimental data on the influence of various factors on
mechanical characteristics of materials. It should be no-
ticed that the investigations of heterogeneity of plastic
deformation, carried out by the majority of authors, did
not take into account the fact that deformation in a near
surface layer and in volume of a material proceeded dif-
ferently. Such investigations are very valuable because
the studying of micro-non-uniform plastic deformation
will help to understand a complex picture of strength
and plastic properties of a material as a whole 1 - 3.
At present, investigating fracture processes of metals
with body-centred cubic (BCC) lattice it is accepted to
divide all process of strain accumulation and fracture
into four stages 4. The first stage – stage of mi-
cro-yield, lasts from the beginning of the loading until
the occurrence of the first lines of sliding (Lüders lines)
on the yield plateau 5. At this stage such characteris-
tics as a limit of proportionality and a limit of elasticity
are determined. The second stage - stage of yield, is
characterized by non-homogeneous deformation in the
form of front Lüders passing along all working length of
a sample. The third stage – stage of strain hardening, at
certain critical stresses submicrocracks with the size of
approximately 1 - 3 m occur on the surface layer of
metal. This stage finishes at the moment, when maximal
load is achieved and the neck formation begins. The
fourth stage – stage of cracks propagation, starts from
the beginning of neck formation until the final fracture
of a specimen.
The contradictory data on residual stresses arising in a
near-surface layer of a specimen during deformation have
still been published in literature 6 - 8. The task of this re-
search was to investigate the character of distribution,
magnitude and sign of residual stresses in cross-section of
a sample in all stages of monotonic deformation.
EXPERIMENTAL CONDITIONS
A device, which with a high degree of accuracy en-
ables to measure the character, size and signs of stresses
in a cross-section of laminated samples, was used to de-
fine residual stresses 9. The near-surface layer was re-
moved by electrolytic etching. Deflection was measured
corresponding to certain depths of the etched layer. On
the basis of the received data the expected value and the
sign of residual stresses (a), acting on the distance a
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from the top side of a sample, were calculated, accord-

















E - modulus of elasticity of a material;
l - the length of a sample;
h - sample thickness;
f - deflection in the middle of a sample and

 - distance from the surface of a sample.
Chemical composition of the tested carbon steel
samples was (%): C – 0,45, Si – 0,24, Mn – 0,60, Cr –
0,20, P – 0,03, S – 0,03, Ni – 0,20. Plain samples with
the dimensions of a working part 2×16×60 mm were
produced from sheets of this steel. Aiming to remove
chemical heterogeneity, achieve equilibrium of a struc-
ture and remove the residual stresses arising at machin-
ing, the samples were subjected to homogenization in
vacuum of 2·10-4 mm Hg at 1040 °C temperature during
2 hours, cooled up to 840 °C, hold for 2 hours and then
cooled together with the furnace. Mechanical properties
of the steel tested after heat treatments were:
Rp – 330 MPa, Rm – 650 MPa, A – 14 %, Z – 40 %.
After such preparation the samples were subjected to
monotonic tension at strain rate 4,0·10-4 s-1 to various
strain degrees (Figure 1.).
RESULTS AND DISCUSSION
Curves of the residual stresses, obtained for nine
samples, are shown in Figure 2. Various strain degrees,
up to which samples were deformed and then measured
residual stresses, were measured for a higher number of
deformation degrees than it is shown in Figure 1. Analy-
sis of these curves shows that during the increase of
sample deformation up to the upper macroscopical yield
limit (samples 1 – 3), at a near-surface layer of a sample
occur the compressive residual stresses, the magnitude
of which gradually increases, and the maximum of the
stresses moves to the surface of a sample. As soon as the
sharp yield takes place (Lüders deformation), the mag-
nitude of compressive residual stresses in the near-sur-
face layer of the sample decreases (sample 4), and when
the strain comes to the end of the yield plateau, the com-
pressive residual stresses are changed to the tension
stresses (samples 5, 6). At further strain increase (stage
of strain hardening), in the near-surface layer of the
sample the compressive residual stresses, which gradu-
ally increase occur again (samples 7, 8). Having achie-
ved the critical stresses value, when submicrocracks oc-
cur on the surface of metal, the compressive residual
stresses decrease (sample 9), but they are not changed to
the tension residual stresses.
It should be mentioned that at the yield stage (sam-
ples 4 – 6), as well as at other stages, residual stresses
were measured by mechanical method, using all de-
formable length of a sample. But at this stage (for exam-
ple, in sample 5) in one part of the sample the Lüders
front had already passed, and in the other - had not yet
passed, therefore the values of residual stresses turned
out to be conditional.
The first stage of process deformation (a stage of mi-
cro-yield) was investigated in great detail since it is less
investigated, and meanwhile, namely this stage can ex-
plain many unclear phenomena 4. Initial compression
residual stresses (magnitude of 2 – 3 MPa) in near-sur-
face layer of samples were found out at 60 MPa (the
yield strength of an annealed material was 300 MPa).
The depth of the deformed layer comprised approxi-
mately 100 m. Moving away from the surface to the
depth of the sample, in the beginning compression resid-
ual stresses increase, then they gradually decrease, and
in the middle part of a sample they change into insignifi-
cant tension stresses (samples 1 – 3).
With the increase of deformation, the magnitude of
maximum compression residual stresses in a near-surface
layer slowly grows (Figure 3, curve 1) up to the propor-
tionality limit Re (yield strength of a near-surface layer).
Starting from Re, a more intensive magnitude increase of
these stresses (up to 40 MPa) was observed until the
achievement of yield strength. At the stresses equal to
60 MPa the maximum magnitude of compression resid-
ual stresses was observed on depth of 35 m (Figure 3,
curve 2). With further increase of deformation it moved
towards the surface of the sample. When it achieves the
upper yield limit, the maximum stresses appears on the
depth of 6 - 8 m from the surface.
Hence, the maximum residual stresses are higher and
they cover a thinner layer, when the plastic strain is big-
ger. This feature specifies that in the process of increase
of plastic deformation in the stage of micro-yield, distinc-
tion between resistance to deformation of external and in-
ternal layers of metal continuously grows, and internal
layers more and more influence a near-surface layer.
It is interesting to compare the depth of hardened
near-surface layer (80 - 100 m)obtained in our experi-
ments with the size of a grain of the investigated mate-
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Figure 1. The monotonic tension diagram of carbon steel
with various strain degrees (1 – 9) up to which
samples were deformed
rial. Microscopic investigation shows that the average
diameter of a crystal grain of the investigated steel was
35 m. Hence, optimum conditions of plastic deforma-
tion in near-surface layer are on depth equal to two-three
crystal grain diameters.
The obtained data show that the tension samples at
various degrees of deformation up to the upper macro-
scopic yield limit results in residual stresses, which are
compressing in thin near-surface layer, and tensile in the
rest part of cross-section of a sample. Formation of re-
sidual stresses testifies that at various degrees of
monotonic tension a thin near-surface layer after un-
loading is aspired to preserve a bigger length than inter-
nal layers. In other words, a non-uniform plastic defor-
mation has passed through the cross-section of the sam-
ple. It is related to a special condition of the near-surface
layer of the polycrystalline material. Hence, this layer
should have lower elastic strength limit. Due to its na-
ture, a weakened near-surface layer because of plastic
deformation is more strengthened than internal layers.
Formation of such strengthened near-surface layer takes
place directly in loading process in macro-elastic area of
a sample.
Until the moment when the stresses achieve the ap-
propriate upper value of yield limit, the material in cross
section subjected to deformation gets the following
state: all not deformed volume of metal is surrounded by
more rigid boundary of a near-surface layer (thickness 2
- 3 grains).
At the stresses, corresponding to the upper macro-
scopic yield limit, the ratio between the strength of
near-surface layer and the strength of internal volumes
of metal achieves the critical value, at which there is a
fracture of this layer in the most narrow and weakest
place of a sample. On the tension diagram the sharp drop
of stresses (a tooth of yield) is observed. In the
near-surface layer of the sample there is a decrease of
the level of compressing residual stresses (Figure 2,
samples 4, 5). When the end of yield plateau is achieved,
the compressing residual stresses in the near-surface
layer of the sample turns into insignificant tensile resid-
ual stresses of approximately 5 MPa (Figure 2, sample
6). At the yield stage the levelling of residual stresses
between the near-surface layer and a bulk of metal oc-
curs.
At the stage of deformation hardening a gradual in-
crease of barrier effect of a near-surface layer and devel-
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b)
c)
Figure 2. Distribution of residual stresses in a near-surface
layer of a sample after various strain degrees.
Curves are numbered according to deformation
degree shown in Figure 1: a – residual stresses in
micro-yield, b - residual stresses in yield stage, c -
residual stresses in strain hardening stage
a)
Figure 3. Distribution of the maximum residual stresses
Rmax in near-surface layer of a sample depending
on the applied stresses R (curve 1) and the depth
a (curve 2)
opment of compressing residual stresses is observed in it
(Figure 2, samples 7, 8). Compression residual stresses
arise in the near-surface layer of 80 - 150 m thickness,
and their maximum value achieves 50 MPa. At this
stage, as well as at the stage of micro-yield, it is noticed
that with the increase of deformation, the maximum of
compression residual stresses is displaced to the surface
of the sample.
Deformation of metal at the stage of deformation
hardening causes a formation of critical dislocation den-
sity in local volumes near-surface layer, and therefore,
in a near-surface layer of metal about 100 - 120 m
thickness submicroscopic cracks (found out by an in-
ductive method 10) are formed. In a near-surface layer
of a sample the level of compressing residual stresses
begin to decrease (Figure 2, sample 9). Hence, at the
stage of deformation hardening the decrease of com-
pression residual stresses may be related to two reasons:
a) reduction of a gradient of dislocation density between
the basic volume of metal and near-surface layer; b)
cracks formation in the near-surface layer of the sample.
The obtained experimental data confirm hypothesis
1, 4, stating that the tooth and yield plateau on the ten-
sion curve are formed in the case when macro-yield of
all material volume is preceded by plastic yield of the
near-surface layer the depth of which is about the grain
size.
CONCLUSIONS
The character of distribution, magnitude and sign of
residual stresses in cross-section of a sample in mi-
cro-yield, yield and strain hardening stages of mono-
tonic deformation, were investigated.
The tension samples at various degrees of deforma-
tion up to the upper macroscopic yield limit (stage of mi-
cro-yield) result in residual stresses, which are com-
pressing in a thin near-surface layer and tensile in the
rest part of cross-section of a sample. Because of plastic
deformation the near-surface layer is strengthened more
than the internal layers. Heterogeneity of plastic defor-
mation between the basic volume of metal and
near-surface layer was also discovered in yield and
strain hardening stages of monotonic deformation.
Obtained experimental data shows the peculiarity of
micro-plastic flow near a free surface of a solid body and
its rather significant influence on the general character
and kinetics of macroscopic deformation of metals.
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